Objective: Acute lung injury is responsible for mortality in seriously ill patients. Previous studies have shown that systemic inflammation is attenuated by remote ischemic preconditioning (RIPC) via reducing nuclear factor-kappa B (NF-jB). Therefore, we investigated whether lipopolysaccharide (LPS)-induced indirect acute lung injury (ALI) can be protected by RIPC. Methods: RIPC was accomplished by 10 minutes of occlusion using a tourniquet on the right hind limb of mice, followed by 10 minutes of reperfusion. This process was repeated three times. Intraperitoneal LPS (20 mg/kg) was administered to induce indirect ALI. Inflammatory cytokines in bronchoalveolar lavage fluid were analyzed using an enzyme-linked immunosorbent assay. Pulmonary tissue was excised for histological examination, and for examining NF-jB activity and phosphorylation of inhibitor of jBa (IjBa). Results: NF-jB activation and LPS-induced histopathological changes in the lungs were significantly alleviated in the RIPC group. RIPC reduced phosphorylation of IjBa in lung tissue of ALI mice. Conclusions: RIPC attenuates endotoxin-induced indirect ALI. This attenuation might occur through modification of NF-jB mediation of cytokines by modulating phosphorylation of IjBa.
Introduction
Many cases of acute lung injury (ALI) are accompanied by sepsis, with approximately one fourth of acute respiratory distress syndrome (ARDS) cases stemming from severe sepsis. 1 Mortality is higher and recovery from lung injury is poorer in sepsis-related ARDS than in nonsepsis-related ARDS.
1,2 ALI is common even for sepsis with a suspected nonpulmonary source. 3 In the setting of systemic inflammation, ALI is featured by diffuse parenchymal pulmonary inflammation, alveolar-capillary destruction, and edema. Mortality rates from ALI have decreased in recent decades, although marked efforts and multiple therapeutic strategies for ALI remain insufficient. 4, 5 Remote ischemic preconditioning (RIPC) is a powerful protective treatment against subsequent and more severe ischemic organ damage caused by transient events of ischemia on a distant tissue or organ. [6] [7] [8] [9] [10] [11] Intraperitoneal (IP) injection of lipopolysaccharide (LPS) is a common experimental model in mice for LPS-induced ALI from a non-pulmonary origin. This model features major pathological components of ALI, such as profound neutrophilic infiltration, vascular leakage/lung edema, and alveolar hemorrhage, all of which are observed in patients with ALI. [12] [13] [14] Our previous study 15 showed that RIPC attenuated systemic inflammation induced by IP administration of LPS and increased survival rates in a septic mouse model. However, little is known regarding the anti-inflammatory effects of RIPC on ALI.
Nuclear factor-kappa B (NF-jB) is a critical regulator of immediate transcriptional responses in inflammatory diseases. Additionally, sustained NF-jB activation in the airway epithelium results in neutrophilic lung inflammation and severe lung injury. 16 Therefore, controlling the NF-jB signaling pathway may be important in treatment of ALI. The inhibitor of kappa B-alpha (IjBa) phosphorylation pathway is an important controlling pathway of NF-jB activity. In this study, we examined the IjBa phosphorylation pathway associated with NF-jB for inflammatory responses in lung tissue. We also aimed to evaluate whether RIPC can reduce LPS-induced ALI in mice and to determine the defensive mechanism associated with NF-jB.
Methods

Animals
This study obtained approval from the Ethical Committee on Animal Research of the Korea University College of Medicine (KUIACUC-2014-164). Animals were cared for in accordance with the institutional guidelines for experimental animals. Sixweek-old male BALB/c mice (20-25 g; Hanlim Co., Hwasung, South Korea) were maintained in specific pathogen-free facilities on a 12-hour light/12-hour dark schedule for at least 7 days before the start of the study.
ALI mouse
LPS-induced ALI was induced by an IP injection of 20 mg/kg LPS (Escherichia coli, O127:B8) with 0.4 mL saline. RIPC was achieved in the mice by occluding the right hind limb using a tourniquet for 10 minutes, followed by a 10-minute reperfusion period. This procedure was repeated three times. Ischemia was judged to have occurred if the affected limb appeared pale.
Thirty-two mice were evenly divided into four groups as follows: (1) saline-only group, which received an IP injection of 0.4 mL saline; (2) RIPC/saline group, which underwent RIPC and immediately received an IP injection of 0.4 mL saline; (3) RIPC/LPS group, which underwent RIPC before receiving an IP injection of LPS; and (4) LPS-only group, which received an IP injection of LPS.
Survival rate
The survival rate was measured in the LPSonly group (n ¼ 10) and RIPC/LPS group (n ¼ 10), every 8 hours for 120 hours. After 5 days, all living mice were euthanatized with an IP injection of thiopental sodium (50 mg/kg).
Histological examination
Fourteen hours after saline or LPS injection, the mice were sacrificed with IP administration (50 mg/kg) of Zoletil (zolazepam and tiletamine, Virbac; Fort Worth, TX, USA). The right lower lung, which was stained with hematoxylin and eosin, was examined in a blinded manner by microscopists for pathological changes under light microscopy. The remaining right lung tissues were frozen to be examined for myeloperoxidase (MPO) activity. We measured the lung injury score using four criteria used by Schingnitz et al. as follows 17 : alveolar congestion, hemorrhage, infiltration or aggregation of neutrophils, and thickness of the alveolar wall/hyaline membrane formation. For each criteria, a five-point scale was applied from 0 (i.e., minimal damage) to 4 (i.e., maximal damage). The total lung injury score was the sum of the points of the four criteria. 17 
Wet/dry weight ratio
For assessment of lung tissue edema, we calculated the lung wet/dry (W/D) weight ratio. The left lower lobe was measured to obtain the wet weight and was then incubated at 80 C for 72 hours to obtain the dry weight. The W/D weight ratio was calculated by dividing the wet weight by the dry weight.
Bronchoalveolar lavage fluid and cytokine measurement
Bronchoalveolar lavage fluid (BALF) was collected by cannulating the upper part of the trachea and lavaging three times with 1.0 mL phosphate-buffered saline. The lavage fluid recovery rate was greater than 90%. For cytokine assays, BALF supernatant was acquired by centrifugation (4 minutes at 4000 rpm) and stored at À80 C. Concentrations of cytokines, which included tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and interleukin-6 (IL-6), were measured by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) using the optical density of 450 nm.
MPO, NF-jB, and heme oxygenase-1 enzyme activity in lung tissue
To measure MPO activity, lung tissues were homogenized in a KPO 4 buffer solution and centrifuged. The supernatant was mixed in a reaction solution according to the manufacturer's guidelines. MPO activity was checked spectrophotometrically by measuring changes in absorption at 460 nm. 18 Measurements are represented as units of MPO activity per milligram of tissue (mU/mg).
Fourteen hours after LPS (or saline) injection, NF-jB activity was measured in the lung tissue homogenate. A total of 5 mg of nuclear protein of tissue was evaluated to identify NF-jB activation by the NF-jB p65 assay kit (TransAM p65; Active Motif, Carlsbad, CA, USA) according to the manufacturer's guidelines.
Fourteen hours after LPS (or saline) injection, heme oxygenase-1 (HO-1) was evaluated in the supernatant of homogenized lung tissue using the mouse HO-1 ELISA kit (Cusabio Bio-Tech, Wuhan, China). The homogenates were centrifuged for 5 minutes at 5000 Â g at 4 C. The supernatant was diluted 1500-fold for the HO-1 assay.
Assessment of phosphorylation of IjBa by western blotting
Fourteen hours after LPS (or saline) injection, phosphorylation of IjBa was measured in lung tissue homogenate. Cells were homogenized in 1Â sodium dodecyl sulfate (SDS) lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% w/v SDS, 10% v/v glycerol, and 0.002% w/v bromophenol blue. Protein content was measured using the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA). Equal amounts of protein were separated by 8% SDS-polyacrylamide gel electrophoresis and transferred to membranes. Membranes were blocked with 5% w/v nonfat dry milk in phosphate-buffered saline containing 0.1% v/v Tween-20 at 4 C overnight. The membranes were incubated with primary antibody for 3 hours, followed by incubation with horseradish peroxidase-conjugated secondary antibody for 1 hour. Phospho-IjBa (Ser32) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA), anti-p38 was purchased from Santa Cruz (Santa Cruz, CA, USA), and monoclonal anti-b-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA). Immunoreactive proteins were visualized by enhanced chemiluminescence solutions (Amersham, Arlington Heights, IL, USA). For relative quantification, the integrated band density was determined by independently repeated samples using the Gel-Doc EQ program (Bio-Rad, Hercules, CA, USA). Each density of target proteins was normalized with beta-actin levels as an internal control. The density of the immunoblots was measured with ImageJ 1.39u software (NIH, Bethesda, MD, USA).
Statistical analysis
Statistical analysis was conducted using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). All numerical values are expressed as mean AE standard error of the mean. Survival data were analyzed using the Kaplan-Meier log-rank test. To detect significant differences between groups, the Kruskal-Wallis test was used. When significant differences were evident, post-hoc analysis was performed by the median test. Differences were considered to be significant when P values were less than 0.05.
Results
RIPC improves the survival rate
The survival rates were evaluated for 120 hours. The RIPC/LPS group showed a significantly improved survival rate compared with the LPS-only group (60% versus 10%, P < 0.001) (Figure 1 ).
RIPC improves lung histopathology and pulmonary edema
After LPS injection, morphological examination of lung tissue showed inflammatory cell infiltration, alveolar congestion, and hemorrhage. This finding indicated successful induction of ALI in our study. The saline-only group showed no histological changes. Histopathological changes in the pulmonary tissue of mice that received RIPC before LPS injection appeared to be reduced ( Figure 2 ). Lung injury scores from the LPS-only and RIPC/LPS groups were significantly greater than those in the saline-only group (both P < 0.001) (Figure 3) . However, the mean lung injury score was lower in the RIPC/ LPS group than in the LPS-only group (P ¼ 0.023) (Figure 3) . The W/D weight ratio was used to evaluate levels of pulmonary edema. The W/D weight ratio was significantly higher in the LPS-only group than in the saline-only and RIPC/saline groups (both P < 0.05) (Figure 4) . However, the W/D weight ratio in the RIPC/LPS group was significantly lower than that of the LPS-only group (P ¼ 0.038) (Figure 4 ).
RIPC reduces production of cytokines in BALF
TNF-a, IL-1b, and IL-6 levels in the two LPS groups were significantly higher compared with those in the saline-only group (all P < 0.001) (Figure 5a, b, and c) . However, TNF-a, IL-1b, and IL-6 levels were significantly lower in the RIPC/LPS group than in the LPS-only group (P ¼ 0.045, P < 0.001, and P < 0.001, respectively) (Figure 5a , 5, and c).
RIPC downregulates MPO Activity
MPO activity was significantly higher in the LPS-only and RIPC/LPS groups than in the saline-only group (both P < 0.001) ( Figure 6 ). However, MPO activity was significantly attenuated by performing RIPC before LPS administration (P ¼ 0.005) ( Figure 6 ).
RIPC attenuates NF-jB DNA binding activity
The activity of NF-jB in lung tissue was significantly higher in the RIPC/LPS Figure 1 . Kaplan-Meier survival curves. At 5 days post-LPS or saline injection, the survival rate of the mice was evaluated in the LPS-only group (n ¼ 10) and the RIPC/LPS group (n ¼ 10). LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning and LPS-only groups compared with the saline-only and RIPC/saline groups (both P < 0.05) (Figure 7) . However, NF-jB activity in the RIPC/LPS group was significantly lower than that in the LPS-only group in lung tissue (P ¼ 0.006) (Figure 7 ).
Effects of RIPC on HO-1 expression
No significant difference in HO-1 expression in lung tissue was found among the groups at 14 hours. HO-1 expression levels in the RIPC/LPS group appeared to be higher than those in the LPS-only group, but this was not significant (Figure 8 ).
Effect of phosphorylation of IjBa
At 3, 6, 14, and 18 hours after endotoxin injection, IjBa levels were evaluated in lung tissue. RIPC decreased phosphorylation of IjBa in lung tissue at 14 hours after LPS-induced inflammation (Figure 9 ). 
Discussion
The purpose of this study was to evaluate defensive effects on the lungs and related mechanisms associated with RIPC in an indirect ALI model. LPS-induced ALI was characterized by upregulated expression of NF-jB, production of pro-inflammatory cytokines, and destructive histopathologic changes. Our results indicated that RIPC alleviated LPS-induced inflammatory responses and increased survival rates by modifying the NF-jB-mediated signaling pathway through modulating phosphorylation of IjBa in the lungs.
LPS-injected mice began to die within 16 hours. Therefore, to establish the best time point to measure NF-jB and evaluate tissue, preliminary studies were performed at 1, 6, and 14 hours after LPS administration. Our preliminary study (data not shown) showed that NF-kB levels began to increase 1 hour after LPS injection and Figure 3 . Effect of RIPC on the lung injury score. Fourteen hours after instillation of LPS or saline, lung injury scores were analyzed in pulmonary tissue from four experimental groups (n ¼ 8 per group). (a) Salineonly group, (b) RIPC/saline group, (c) RIPC/LPS group, (d) LPS-only group. All data are presented as mean AE standard error of the mean from the four experimental groups. *P < 0.001 versus the saline-only and RIPC/saline groups; #P < 0.05 versus the LPS-only group. LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning were then maintained at high NF-jB levels until 14 hours after LPS injection. Therefore, we performed histological examinations and measured inflammatory cytokines 14 hours after LPS injection in this study.
Disruption of lung epithelial barriers, increased permeability of the alveolarcapillary barrier after an infection, and the resultant pulmonary edema with a proteinaceous alveolar exudate are characteristics of ALI. In our study, analysis of lung pathology using optical microscopy showed that, when RIPC was performed, pathological changes in lung tissue, alveolar bleeding, and infiltration of neutrophils caused by LPS significantly improved. This led to a significant difference in the (a) Saline-only group, (b) RIPC/saline group, (c) RIPC/LPS group, (d) LPS-only group. All data are presented as mean AE standard error of the mean from the four experimental groups. *P < 0.05 versus the saline-only and RIPC/saline groups; #P < 0.05 versus the LPS-only group. W/D, wet/dry; LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning lung injury score, which quantified these improvements. Moreover, the lung W/D weight ratio, which is widely used to evaluate lung tissue edema, was significantly lower in the RIPC/LPS group than in the LPS-only group.
Lung inflammation can occur as a result of successive inflammatory responses initiated by peritoneal injection of LPS. TNF-a, IL-1ß, and IL-6 are important cytokines related to the inflammatory response process of ALI. 19, 20 We evaluated the amount of pro-inflammatory cytokines in BALF 14 hours after an LPS challenge. TNF-a, IL-1b, and IL-6 levels remarkably increased in LPS groups. However, RIPC markedly reduced production of cytokines in the pulmonary tissue of LPS-injected mice.
Neutrophils have a major role in ALI. 21 Activated neutrophils are able to extravasate and migrate into the alveolar space.
In this study, we observed MPO activity, which guides neutrophilic infiltration. 22 RIPC significantly reduced MPO activity, which indicated that this procedure may have a critical role in reducing neutrophilic infiltration. Additionally, activation of neutrophils is highly associated with proinflammatory cytokines, such as TNF-a, IL-1b, and IL-6. 23 NF-jB, which is related to worse clinical outcomes, is activated by LPS and regulates many pro-inflammatory cytokines that are important in development of ALI. [24] [25] [26] We found that RIPC reduced activation of NF-jB. Therefore, the protective effects of RIPC in LPSinduced ALI may be due to disruption of the NF-jB signaling pathway, which is a critical step in initiating neutrophilic inflammation.
Inhibiting NF-jB expression reduces pulmonary infiltration by leukocytes and reduces lung edema. 16 In our study, the RIPC/LPS group showed significantly lower NF-kB expression and IjBa phosphorylation compared with the LPS-only group. IjB phosphorylation leads to NF-jB nuclear translocation and plays a major role in controlling NF-jB expression. Our results suggest that the lung protective effect of RIPC decreases NF-jB expression through inhibiting IjBa phosphorylation. This action is similar to inhibition of NF-jB expression caused by drugs, such All data are presented as mean AE standard error of the mean from the four experimental groups. *P < 0.001 versus the saline-only and RIPC/saline groups; #P < 0.05 versus the LPS-only group. TNF-a, tumor necrosis factor-a; IL-1b, interleukin-1b; IL-6, interleukin-6; LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning as aspirin and salicylate, which inhibit phosphorylation of IjBa. 27 Przyklenk et al. 9 first attempted RIPC and demonstrated that it had a protective effect on the heart when they applied non-lethal ischemia-reperfusion to organs far from the heart. This protective effect occurred in the heart, kidney, liver, and lungs. 15, 28, 29 Based on previous findings, the mechanism of signal transmission of remote ischemic conditioning that protects distal organs is highly complex and obscure. However, with activation of peripheral sensory nerves, remote ischemic conditioning is associated with transmission of protective signals from the stimulated region to the target organ by a neuronal pathway and humoral factors, transmission through a systemic response, and with potential intracellular signaling mediators within a target organ. 30 Based on these mechanisms, the systemic protective response controls gene Figure 6 . MPO activity levels. Fourteen hours after an LPS or saline challenge, pulmonary tissue was collected and MPO activity was detected in pulmonary tissues from the four experimental groups (n ¼ 8 per group). (a) Saline-only group, (b) RIPC/saline group, (c) RIPC/LPS group, (d) LPS-only group. All data are presented as mean AE standard error of the mean from the four experimental groups. *P < 0.001 versus the saline-only and RIPC/saline groups; #P < 0.05 versus the LPS-only group. MPO, myeloperoxidase; LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning expression in intracellular inflammatory pathways by modulating immune cells at the post-translational level or through transcriptional regulation. 31 An association between the protective effect of remote ischemic conditioning and NF-jB (especially IjBa phosphorylation), which is the main mechanism of systemic protective responses, indicates a protective effect of RIPC on contrast-induced nephropathy. 32 This finding also corresponds to our finding that performing RIPC reduced ALI (caused by LPS) and affected IjBa phosphorylation.
To determine the defensive mechanism of RIPC against LPS-induced lung injury, Figure 7 . Effect of RIPC on tissue NF-jB activity. Fourteen hours after an LPS or saline challenge, NF-jB activity was measured in pulmonary tissue of four experimental groups (n ¼ 8 per group). (a) Saline-only group, (b) RIPC/saline group, (c) RIPC/LPS group, (d) LPS-only group. All data are presented as mean AE standard error of the mean from the four experimental groups. *P < 0.05 versus the saline-only and RIPC/saline groups; #P < 0.01 versus the LPS-only group. NF-jB, nuclear factor kappa B; LPS, lipopolysaccharide; RIPC, remote ischemic preconditioning production of HO-1 was also examined in our study. A previous report showed that RIPC increased HO-1 expression in the kidney, heart, and skeletal muscles, but not in the lungs or skin. 33, 34 Our results also showed higher HO-1 activation in the RIPC/LPS group compared with the other groups, but this difference was not significant.
Sepsis is the major cause of ALI, and can develop through the following two pathogenetic pathways: direct pulmonary injury or indirect pulmonary injury. 21 There is no difference in the degree of neutrophilic infiltration in the indirect lung injury model compared with the direct pulmonary injury model. 35 Previous studies assessed damage to the pulmonary epithelium caused by IP exposure to LPS in the indirect pulmonary injury model. 36 We only showed that RIPC inhibited infiltration of neutrophils into the alveolar space in an IP LPS injection model. Therefore, further research on the effect of RIPC in a direct pulmonary injury model is required.
Early regulation of neutrophilic activation, which is an important factor in lung injury, is associated with improved outcomes in ALI. Therefore, early use of RIPC could prove beneficial in the treatment of ALI. 37 RIPC data from animal models appear promising, but these data merely provide a bridge between the laboratory bench and human patients. 38, 39 Nonetheless, the current study has implications for more specific additional mechanisms, such as NF-jB and IjBa phosphorylation, in the lungs. The results of these experimental studies can be the basis for several clinical applications. Similar to intermittent pneumatic compression, which is routinely applied to intensive care unit patients, alternative or variant methods of RIPC may be applied in the clinical setting. Further studies are required to establish the potential role of RIPC in the treatment of ALI in humans.
Conclusions
RIPC increases the survival rate and decreases several parameters of LPSinduced ALI, such as production of pro-inflammatory cytokines, neutrophilic infiltration, and destructive pulmonary histological changes. In indirect ALI, the most likely anti-inflammatory mechanism of RIPC is modification of NF-jB-mediated cytokine expression via a direct protective effect through IjBa phosphorylation.
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